Abstract
In this study, the application of neutron powder diffraction on studying the time-resolved structural evolution of a cell comprised with LiNi 0. 5 cell is a promising battery system with a high columbic and energy efficiency. The oxidation states of the metals in the electrodes are determined by tracking the associated change in the oxygen position. In addition, the Ti oxidation state is correlated to the intensity of the Li 4 Ti 5 O 12 222 reflection at the anode, and the determined oxidation state of the Ni is correlated to the lithium occupancy within the cathode. Furthermore, the small volume changes of the cathode and the anode upon cycling suggest that the cell chemistry is favorable for practical applications.
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Introduction
Lithium-ion batteries have not only become the major power sources for portable electronic devices, such as mobile phones, notebooks, and digital cameras, but are also considered elemental components of energy-storage devices for electrical vehicles and electrical energy storage systems. Safety is a key issue for these applications, with issues arising from the relatively small difference between the lithium intercalation potential of graphite and the Li + /Li reduction potential, leading to the growth of dendritic lithium on the surface of the anode that may induce short circuits and even battery rupture at overcharging or high rate charging conditions [1] . Spinel Li 4 Ti 5 O 12 , a zero-strain lithium insertion material [2] , exhibits good reversibility at the Ti O 12 compared to that of the undesirable electrolyte decomposition [3] [4] [5] [6] and lithium metal deposition [7] . Consequently, Li 4 Ti 5 O 12 is expected to be used as alternative anode to carbonaceous materials. Belharouak et al. reported that the LiMn 2 O 4 ||Li 4 Ti 5 O 12 battery could be one of the safest Li-ion battery systems, based on factors such as good thermal stability, limited reactivity between the cell components and electrolyte, good structural stability, as well as the impossibility of thermal runaway, explosion or fire [8] [8] , although its measured average working voltage of 2.5 V is lower than for other batteries [9] [10] [11] [12] . In order to increase the working voltage and energy density without changing the desired characteristics of this kind of battery, LiNi 0. [17, 18] . Although both variants are of the spinel family, the m Fd3 material exhibits superior charge-discharge rate capability compared to the P4 3 32 material, with the P4 3 32 spinel thought to be responsible for performance decay upon cell cycling due to its higher impedance compared to the m Fd3 structure [19] . It was also reported that the P4 3 3 32 structure with a high degree of 3d cation disorder [26] .
Moreover, while studying in-situ the phase evolution of LiNi 0.5 Mn 1.5 O 4 at elevated temperatures, Cai et al. revealed that the Ni/Mn ordering occurs slowly at 700 °C and the degree of ordering can be controlled by the annealing time [27] . Arguably, in-situ structural studies provide unparalleled insight into electrode functionality. In the case of neutron diffraction studies of lithium-ion batteries, sensitivity to lighter elements such as lithium can provide a direct measurement of lithium content and therefore battery capacity, and the sensitivity to oxygen, particularly in the presence of heavier elements, allows redox active couples to be probed through an examination of the transition metal valence by studying the oxygen to cation distance. Berg et al. studied the electrochemically induced LiMn 2 O 4 /λ-MnO 2 phase transition using in-situ neutron diffraction [28] . More recently Cai et al. applied neutron diffraction to observe in situ the inhomogeneous degradation of large format Li-ion cells [29] , and Sharma et al. have used in-situ ND extensively to study Li-ion batteries [30] [31] [32] [33] [34] [35] [36] [37] . Importantly, neutrons provide bulk information as a result of their higher sample penetration compared to X-rays.
In this work, the electrochemical functionality of the LiNi 0. Pure Chem. Ind. Ltd., Japan, were mixed stoichiometrically and stirred vigorously in an adequate amount of de-ionized water to form a solution at room temperature for 2 hours.
The stoichiometric solution was spray-dried at 185 °C, and the remainder calcined at 300 °C in air for 2 hours. Finally, these powders were heated in air at a rate of 5 °C min -1 to 600 °C and kept at 600 °C for 6 hours followed by an isothermal hold at 800 °C for 8 hours before cooling. Li 4 Ti 5 O 12 was prepared via a sol-gel method. Lithium acetate (98%, Acros), tetrabutyltitanate (98%, Acros), and citric acid (99.5%, Acros) powders (in the ratio 4.2:5:1.25, respectively) were dissolved in an ethanol solution (99.5%, Shimakyu) and used as starting materials. The solution was prepared and aged for 3 hours to form a white-colored gel. The resulting gel was heated at 80 °C to yield an organic precursor, with a fine white powder obtained by heat-treating the precursor in air at 800 °C for 4 hours.
Diffraction data for the as-prepared individual electrode materials were collected on a Shimadzu Corporation 6000 X-ray powder diffractometer using Cu-Kα radiation.
In addition, high-resolution NPD data were also collected using ECHIDNA, the high-resolution neutron powder diffractometer at the Open Pool Australian Lightwater (OPAL) research reactor at the Australian Nuclear Science and Technology Organisation (ANSTO) [38] . A neutron beam with a wavelength of 1.6214(4) Å, which was determined by using the La [43] .
Results and Discussion
XRPD data ( Figure S1 in the Supporting Information) are used to determine the phase purity of the as-synthesized samples. [45, 46] , although the relatively minor amount of NiO present means that this effect is also small. We note that additional plateaus are not observed in the charge-discharge curve for the composite electrode, meaning that the effect of the NiO phase on the electrochemical behavior is small and not able to be measured. Therefore, we do not consider the NiO in the remainder of the work, despite our confirmation of the cathode as a composite electrode. Table 1 .
Typical refinements using the in-situ high-intensity NPD dataset of the assembled in the high-resolution NPD study), it is not surprising that we cannot observe this phase in the in-situ experiment that involves diffraction from the entire battery, rather than the single component as was the case for the high-resolution study. It is known that the ordered phase behaves nearly identically in terms of electrochemical performance during short cycling at a low rate, similar to that used in this study [21] . Therefore, we describe only the delithiation/lithiation mechanism of the disordered phase in the following discussion. (Tables S1 and S2 ).
In the Rietveld refinements using the entire in-situ NPD dataset, the Ni 0. 25 On charging, the absence of peak splitting and new peak emergence suggest that (Figure 4(a) ). We note that the region identified as "no data" refers to a loss of data that occurred during the in-situ data collection.
In the 5 mA cycle, the lattice parameter of LiNi 0.5 Mn 1.5 O 4 decreases from 8.1549 (7) to 8.0798 (8) Table 2 . To assist in the understanding of the variation of lattice parameters at different applied currents, the charge/discharge capacities are also calculated and reported in Table 2 . Compared with commercial LiCoO 2 that exhibits a hexagonal-monoclinic phase change associated with a 2.6% c-axis expansion between the charged and discharged states, the relatively small change in the LiNi 0.5 Mn 1.5 O 4 lattice parameter upon electrochemical cycling is correlated with a better cycling performance [51, 52] .
At the anode, it is known that the Li 4 Ti 5 O 12 /Li 7 Ti 5 O 12 transition involves a two-phase reaction [53] . The information that can be extracted using Rietveld refinement is limited by the relatively small difference between the lattice parameters of Figure S3 and the crystallographic parameters are presented in Table S3 in [36, 55] , or may suggest a structural transition arising from the possible migration of transition metal cations (e.g. 8a to 16c) during Li insertion [21] . We note that in the two-phase region the cathode phases undergo an increase/decrease in weight fraction (intensity/amplitude) and that structural variables such as lattice parameter, oxygen positional parameter, and lithium occupation, electrodes are determined at different applied currents, and reveal a smaller volume change that is correlated to a loss in capacity at higher, compared with lower, current.
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